The attachment of proteins to a surface in such a way that the protein remains functional, is a key issue in many biotechnological processes. Here, we describe the controlled attachment with respect to kinetics, thermodynamics and orientation of SAv (streptavidin) through an orthogonal linker to β-cyclodextrin selfassembled monolayers. Both a univalent and a bivalent linker are used for this process. The immobilization strategy with the bivalent linker allows the stepwise adsorption of SAv on to the surface, allowing heterofunctionalization of SAv and thus the build-up of more complex bionanostructures at the surface.
Introduction
When trying to realize the concept of controlled positioning of proteins on substrates, parameters such as binding stoichiometry, binding strength, binding dynamics and reversibility emerge as important tuning parameters. Covalent immobilization, physisorption and chemisorption do not offer sufficient flexibility over most of these criteria [1] [2] [3] . Supramolecular interactions, for example of designed hostguest or receptor-ligand types, constitute a solution to the control of these parameters in the attachment of proteins to surfaces [4, 5] .
SAMs (self-assembled monolayers) offer an easy way to the immobilization of proteins [6, 7] . The fixation to a substrate can lead to a multivalent display of such supramolecular interaction sites, the density of which is a separate control parameter in the binding of (multivalent) complementary binding partners. Multivalency [8] , which describes the interaction between multiple interacting sites on one entity with multiple interacting sites on another, is therefore the underlying principle governing the stability and dynamics of such systems and offers the main way to control the binding properties of any entity binding to a substrate, i.e. through systematic variation and optimization of the number of interacting sites, the intrinsic binding strength of an individual interacting pair and the geometry of the multivalent building blocks.
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ments [9] . βCD has been modified with seven heptathioether chains [10] in order to obtain SAMs on gold. Such SAMs are ordered and densely packed and have been extensively characterized [10, 11] . Binding constants of univalent guest molecules to a single βCD cavity of these SAMs are comparable with binding constants of the guests to βCD in solution [11] . All guest-binding sites of the βCD SAM are equivalent and independent. The use of multivalent [12] host-guest interactions allows the formation of kinetically stable assemblies, and thus local complex formation e.g. by patterning, so that these surfaces can be viewed as 'molecular printboards' [13, 14] . By choosing the correct number and type of guest sites, it is possible to control thermodynamics, kinetics and stoichiometry of the adsorption and desorption of multivalent molecules at such surfaces.
The aim of the present study is the controlled attachment of a protein to a surface with respect to kinetics, thermodynamics and orientation, and with the potential of stimulated desorption [15] . Through the stepwise assembly of SAv (streptavidin) to the βCD SAM, controlled heterofunctionalization of SAv is possible, which is impossible in solution, with the potential to control the orientation of the protein towards the surface upon immobilization. Firm attachment of the protein to the surface is achieved using appropriately functionalized linkers, while the protein is still in a liquid-like environment.
Here, the attachment of SAv to βCD SAMs through host-guest interactions using orthogonal linkers is discussed. The aim is to combine the robust, well-known SAv-biotin interaction motif for the formation of protein constructions with the versatility of the βCD host-guest interaction motif, for tuning the kinetics, thermodynamics and orientation of the immobilized SAv to the βCD SAM. Therefore two linkers were developed, both with a biotin functionality to enable binding to SAv and with one or two adamantyl functionalities to enable binding to the βCD SAM. SPR (surface plasmon resonance) spectroscopy, AFM (atomic force microscopy), XPS (X-ray photoelectron spectroscopy) and fluorescence spectroscopy were employed (i) to probe specificity of the interactions, (ii) to investigate the orthogonality of the binding motifs, (iii) to study the adsorption and desorption properties of the SAv-linker complexes, (iv) to probe the different assembly schemes for SAv attachment and (v) to show the possibility of controlled heterofunctionalization of SAv when immobilized in a stepwise manner to the surface.
We have shown [5] that it is possible to attach proteins, in this case SAv (6), to βCD SAMs (2) through orthogonal host-guest and protein-ligand interactions (Figure 1a) . Both the uni-and bi-valent linkers (3, 4) can be used in this assembly process as was shown by SPR.
Non-specific interactions between SAv and the βCD SAM were decreased by adding 1 mM βCD (1) . Also when all binding pockets of SAv were occupied by biotin, the nonspecific interactions were lessened. From SPR experiments in which the βCD concentration or the [linker]/[SAv] ratio was varied it was concluded that, when the univalent linker is used, SAv is complexed to the surface through two adamantyl-cyclodextrin interactions, while in the case of the bivalent linker, the binding was quadrivalent (Figure 1b) .
Alternatively to assembly of the linker-SAv complex in solution followed by adsorption on to the βCD SAM, the assembly of the protein-bivalent linker complex was also accomplished in a stepwise fashion at the surface, leaving the upper two binding pockets of SAv available for further (hetero)functionalization. This scheme was not possible with the univalent linker, because the binding of this linker to the surface is thermodynamically not strong enough. The stepwise assembly of SAv to the βCD SAM was also proven by AFM imaging (Figures 2a and 2b) , from which could be concluded that the height of the SAv-linker complex attached to the βCD SAM is approx. 2.7 nm (Figure 2b) . From experiments with fluorescently labelled biotin (5), it could be concluded that the upper biotin-binding pockets were indeed available for further functionalization, in this case also proving controlled heterofunctionalization (Figure 2c ). Both AFM imaging and fluorescence studies showed that the attachment of SAv was specific and that there was no detectable non-specific interaction of SAv to the βCD SAM.
The approach that was used here for the attachment of SAv to a surface shows that multivalency plays an important role in the adsorption of proteins on to surfaces. The stepwise adsorption of SAv on to the surface through the bivalent linker enables us to use the biotin-binding pockets that are directed towards the solution for the binding of other, biotinylated (bio-macro)molecules. The approach presented here can be used for further build-up and patterning of (bio)molecular nanostructures at interfaces.
